L. J. Esdaile, J. M. Chalker, *Chem. Eur. J.* **2018**, *24*, 6905.

The Mercury Problem in Artisanal Gold Mining {#chem201704840-sec-0001}
============================================

Mercury‐based artisanal and small‐scale gold mining (ASGM) causes more mercury pollution than any other human activity.[1](#chem201704840-bib-0001){ref-type="ref"} In this practice, mercury metal is used to extract gold from ore as a stable amalgam. The amalgam is then heated to evaporate the mercury and isolate the gold. While mercury amalgamation has been used for thousands of years to mine gold and silver,[2](#chem201704840-bib-0002){ref-type="ref"} it is unfortunately still a widespread technique in present‐day artisanal gold mining. Mercury is abundant and inexpensive, sourced through a variety of industrial supply chains or mined directly from cinnabar, making it a readily available tool for mining gold.[3](#chem201704840-bib-0003){ref-type="ref"} It is estimated that between 410 and 1400 tonnes of mercury are emitted through ASGM each year, accounting for 37 % of global mercury emissions.[1](#chem201704840-bib-0001){ref-type="ref"}, [4](#chem201704840-bib-0004){ref-type="ref"} Driven by rising prices in gold (approximately \$40,000 USD kg^−1^ for most of 2017),[5](#chem201704840-bib-0005){ref-type="ref"} ASGM is widespread, with an estimated 10 to 19 million miners working primarily in Asia, Africa and South America (Figure [1](#chem201704840-fig-0001){ref-type="fig"}).[1](#chem201704840-bib-0001){ref-type="ref"}, [3c](#chem201704840-bib-0003c){ref-type="ref"}, [4](#chem201704840-bib-0004){ref-type="ref"}, [6](#chem201704840-bib-0006){ref-type="ref"} As many as 5 million women[7](#chem201704840-bib-0007){ref-type="ref"} and children[1a](#chem201704840-bib-0001a){ref-type="ref"}, [8](#chem201704840-bib-0008){ref-type="ref"} are involved directly in these mining operations. These miners typically live in impoverished areas and use gold mining as a source of income. In many cases, few other opportunities for employment exist in these regions and ASGM is therefore a critical way to sustain their livelihood.[9](#chem201704840-bib-0009){ref-type="ref"}

![Estimated annual mercury use in artisanal and small‐scale gold mining (ASGM).[1b](#chem201704840-bib-0001b){ref-type="ref"}, [4](#chem201704840-bib-0004){ref-type="ref"}, [6c](#chem201704840-bib-0006c){ref-type="ref"}, [10](#chem201704840-bib-0010){ref-type="ref"}](CHEM-24-6905-g003){#chem201704840-fig-0001}

These mining activities largely take place in the so‐called "informal" economy in which participants operate unlicensed or without legal authorization---a reason why effective regulation of mercury emissions is extraordinarily difficult.[11](#chem201704840-bib-0011){ref-type="ref"} Nevertheless, these artisanal miners contribute substantially to the local and global economy, generating approximately 15 to 25 % of the world\'s gold.[1a](#chem201704840-bib-0001a){ref-type="ref"}, [4](#chem201704840-bib-0004){ref-type="ref"}, [10b](#chem201704840-bib-0010b){ref-type="ref"} So, while each individual mining operation may be relatively small, the practice is widespread. Because of the extraordinary amounts of mercury handled directly by the miners and released into the environment, the burden to human health is staggering.[12](#chem201704840-bib-0012){ref-type="ref"} Mercury vapor inhaled by miners results in impaired cognitive function, neurological damage, kidney damage and several other health problems.[13](#chem201704840-bib-0013){ref-type="ref"} In some cases, amalgams are processed near the home or in gold shops in villages or cities, so the mercury vapor generated in the process affects non‐miners living in these areas.[10b](#chem201704840-bib-0010b){ref-type="ref"} For children and fetuses, exposure to mercury pollution is especially dangerous as it increases the likelihood of physical deformities, neurological damage and lower IQ.[14](#chem201704840-bib-0014){ref-type="ref"} These risks of mercury exposure are also compounded by the high levels of mercury that accumulate in fish and other food supplies in ASGM communities.[12](#chem201704840-bib-0012){ref-type="ref"}, [15](#chem201704840-bib-0015){ref-type="ref"}

The mercury problem in ASGM is a growing crisis in environmental and human well‐being. Rightfully, the issue has garnered attention in both the scientific[16](#chem201704840-bib-0016){ref-type="ref"} and general news media[8b](#chem201704840-bib-0008b){ref-type="ref"}, [17](#chem201704840-bib-0017){ref-type="ref"} as ASGM becomes more prevalent and its effects more visible.[8b](#chem201704840-bib-0008b){ref-type="ref"}, [17b](#chem201704840-bib-0017b){ref-type="ref"} The damage to cognitive and neurological function of the miners and the physical and mental disabilities prevalent in children near ASGM communities are startlingly clear in these reports.[8b](#chem201704840-bib-0008b){ref-type="ref"}, [17b](#chem201704840-bib-0017b){ref-type="ref"} Furthermore, the wider damage to the environment and the transport of high levels of mercury to sites beyond the mine have, in some cases, led to national conflict and military intervention.[17a](#chem201704840-bib-0017a){ref-type="ref"} The time to address this problem is now. On August 16^th^ 2017, the Minamata Convention on Mercury was ratified by more than 50 parties to the treaty.[18](#chem201704840-bib-0018){ref-type="ref"} This milestone brought into force the most comprehensive effort to control the trade, use and emissions of mercury. As ASGM is the largest source of mercury pollution worldwide, reforming this sector is a priority of the Minamata Convention.[18](#chem201704840-bib-0018){ref-type="ref"} Accordingly, Article 7 of the convention requires signatories to "take steps to reduce, and where feasible eliminate, the use of mercury...and the emissions and releases to the environment of mercury from, such mining and processing."[18](#chem201704840-bib-0018){ref-type="ref"} There are also specific provisions for member nations to help educate miners and promote research into sustainable, mercury‐free mining.[18](#chem201704840-bib-0018){ref-type="ref"} In the accompanying Annex C of the Minamata Convention, further actions are prescribed that include the elimination of four especially problematic activities: whole‐ore amalgamation, open heating of amalgams, heating amalgams in residential areas, and the use of cyanide to extract gold from mercury‐rich tailings (vide infra). Because these goals will likely require advances in environmental chemistry and innovative extractive technologies, it is worthwhile to consider how the chemistry community might contribute to these global initiatives. Finally, the urgency to address these challenges cannot be overstated as the parties to the convention have three years develop and implement a national plan of action.[18](#chem201704840-bib-0018){ref-type="ref"}

The purpose of this Minireview is to outline the process and consequences of mining gold by amalgamation with mercury. Then, we discuss some opportunities for the chemistry community to help solve the mercury problem in ASGM. For instance, there is a need for inexpensive and portable mercury sensors; low‐cost and scalable remediation technology for air, water and soil; mining techniques that minimize mercury exposure and emissions; and reliable and easy‐to‐adopt methods for mercury‐free mining. The majority of ASGM is carried out in developing nations by miners that rely on gold sales for their livelihood. Therefore, any technology designed to solve the mercury problem must be inexpensive and, ideally, support the miners in their trade. Support of these miners through new and sustainable mining practices is critical because they typically live in areas with few other economic opportunities. This is a significant challenge to which chemists can contribute.

The Process: Mining Gold with Mercury {#chem201704840-sec-0002}
=====================================

A representative mercury‐based ASGM technique is outlined in Figure [2](#chem201704840-fig-0002){ref-type="fig"}.[19](#chem201704840-bib-0019){ref-type="ref"} The reader is referred to leading publications for further details of this process, as well as other techniques for extracting gold through amalgamation with mercury, such as panning and sluicing in alluvial operations, or direct addition of mercury into mining pits.[6a](#chem201704840-bib-0006a){ref-type="ref"},[6b](#chem201704840-bib-0006b){ref-type="ref"}, [9](#chem201704840-bib-0009){ref-type="ref"}, [20](#chem201704840-bib-0020){ref-type="ref"} For the so‐called "whole‐ore amalgamation" in Figure [2](#chem201704840-fig-0002){ref-type="fig"}, rocks and ore are first crushed into small pieces by hand. This material, the consistency of coarse sand, is then added with water into motorized mills or trommels (Figure [2](#chem201704840-fig-0002){ref-type="fig"} A). Because water is used, this equipment is often built near waterways such as rivers, which can later be subject to severe mercury pollution. Heavy steel or tungsten bars or balls are also added to the trommels to pulverize the ore upon rotation (Figure [2](#chem201704840-fig-0002){ref-type="fig"} A). To extract the gold from the crushed ore, liquid mercury is added directly to the trommel and mixed for several hours. Mercury is frequently used to capture the gold (rather than mercury‐free gravity separation techniques) in cases in which the gold grain is very fine.[20d](#chem201704840-bib-0020d){ref-type="ref"}, [21](#chem201704840-bib-0021){ref-type="ref"} In each trommel, it is common to add between 0.3 and 1 kg of mercury to 20 kg of crushed ore (Figure [2](#chem201704840-fig-0002){ref-type="fig"} B).[20d](#chem201704840-bib-0020d){ref-type="ref"} The mercury--gold amalgam is dense and separates from the finer crushed rocks and sand. The amalgam is then isolated by hand and excess liquid mercury is recovered for reuse (Figure [2](#chem201704840-fig-0002){ref-type="fig"} C). The amalgamation process may be repeated 3 or 4 times to maximize gold extraction.[19a](#chem201704840-bib-0019a){ref-type="ref"} The combined mercury--gold amalgams are then strained through cloth to remove excess liquid mercury and provide a mercury--gold amalgam ball (Figure [2](#chem201704840-fig-0002){ref-type="fig"} D). These amalgams are typically between 40 % and 80 % mercury by mass.[19a](#chem201704840-bib-0019a){ref-type="ref"}

![Liquid mercury is used in artisanal and small‐scale gold mining. a) Trommels are used to crush rock and mix mercury with ore. b) As much as 1 kg of liquid mercury is added to each trommel along with water and 20 kg of ore. c) Excess mercury is recovered, but mercury‐rich mine tailings are often released directly into the environment. d) Additional mercury is used on the mercury--gold concentrate to form a solid amalgam, which may be isolated by hand. e) The mercury--gold amalgam is heated with a torch to distill the mercury and allow isolation of gold. f) A sample of gold isolated in an artisanal mine. All images are used with permission from Yayasan Tambuhak Sinta (YTS) and Pure Earth.](CHEM-24-6905-g004){#chem201704840-fig-0002}

To recover the gold from the amalgam, the solid is heated to vaporize the mercury (Figure [2](#chem201704840-fig-0002){ref-type="fig"} E) and separate it from the gold (Figure [2](#chem201704840-fig-0002){ref-type="fig"} F). The heating can be accomplished with a hand torch or a stove.[19a](#chem201704840-bib-0019a){ref-type="ref"} In some parts of the world, centralized processing centers in villages carry out this process for a fee.[20d](#chem201704840-bib-0020d){ref-type="ref"} This mercury distillation step in the mining process is especially dangerous, because of the exposure to mercury gas that can cause neurological damage. Typically no measures are taken to recover the mercury or prevent mercury inhalation (Figure [2](#chem201704840-fig-0002){ref-type="fig"} E). In other cases, a condenser (or retort) is used to recover the liquid mercury for reuse. The use of a retorts is important for lowering the exposure to mercury vapor in mining communities, but many retorts still lead to substantial loss of mercury.[19a](#chem201704840-bib-0019a){ref-type="ref"}

The tailings in ASGM are also a major source of mercury pollution. After the amalgam is isolated from the trommel, the leftover crushed ore, water, and unrecovered mercury are either released directly into the environment or processed further in large tanks containing aqueous sodium cyanide that, in the presence of oxygen, extracts unrecovered gold over several days or weeks as the water‐soluble dicyanoaurate(I) \[Au(CN)~2~\]^−^.[20d](#chem201704840-bib-0020d){ref-type="ref"} In some new trials to recover mercury, the tailings are passed through sluices.[21](#chem201704840-bib-0021){ref-type="ref"} Where cyanide tanks are used, the dissolved gold can be recovered by binding to activated charcoal or through precipitation with zinc.[20d](#chem201704840-bib-0020d){ref-type="ref"} When cyanide leaching is used to process tailings, the final waste stream is typically dumped in rudimentary tailing ponds or released into waterways---often the same water sources used for irrigation, drinking and fishing. Because significant amounts of mercury are also made water soluble by complexing with cyanide, this practice results in substantial release of highly toxic and mobile mercury species into aquatic environments, which leads to mercury methylation by bacteria and bioaccumulation of methylmercury.[19a](#chem201704840-bib-0019a){ref-type="ref"}, [20d](#chem201704840-bib-0020d){ref-type="ref"}

The gold isolated after heating the amalgam will typically contain up to 5 % residual mercury by mass.[10b](#chem201704840-bib-0010b){ref-type="ref"} Gold shops will typically purchase the gold and refine it further to remove mercury, again through distillation.[3b](#chem201704840-bib-0003b){ref-type="ref"} In some parts of the world, these gold shops also process the full mercury--gold amalgam.[10b](#chem201704840-bib-0010b){ref-type="ref"}, [20d](#chem201704840-bib-0020d){ref-type="ref"} These gold shops are additional sources of mercury emissions that are problematic because they are typically located in high population centers.[10b](#chem201704840-bib-0010b){ref-type="ref"} The final gold product is melted and molded for further sale on the gold market.

Mercury Emissions from Artisanal and Small‐Scale Gold Mining {#chem201704840-sec-0003}
============================================================

In ASGM, the amalgamation process, tailings processing, and gold recovery from the amalgam result in substantial release of mercury into the environment. By some estimates, release of mercury from ASGM exceeds 1 million kg each year.[1](#chem201704840-bib-0001){ref-type="ref"} This level of mercury pollution may exceed the combined emissions of coal combustion, cement production, chlor‐alkali plant operation, and large‐scale industrial mining and metallurgy.[1b](#chem201704840-bib-0001b){ref-type="ref"} It is therefore important to look at each stage of common ASGM practices to identify how mercury is released into the environment so that measures can be taken to prevent such emissions and mitigate harm. The primary sources of these emissions are from tailings discharge to land and water and mercury gas emissions during amalgam roasting.

In the amalgamation process such as the one shown in Figure [2](#chem201704840-fig-0002){ref-type="fig"}, substantial amounts of mercury can be lost in the tailings. In particular, milling ore and mercury in trommels can result in the formation of tiny mercury droplets that become finely dispersed in the tailings. This "mercury flour" is especially problematic because it can be easily washed away with water and transported far from the mining site (Figure [3](#chem201704840-fig-0003){ref-type="fig"} A).[22](#chem201704840-bib-0022){ref-type="ref"} In some cases, mercury‐rich tailings can travel in rivers hundreds of kilometers from the mine.[22c](#chem201704840-bib-0022c){ref-type="ref"} The floured mercury is also difficult to recover because it does not coalesce efficiently.[22a](#chem201704840-bib-0022a){ref-type="ref"},[22b](#chem201704840-bib-0022b){ref-type="ref"} In cases in which the tailings are released directly into the environment, the mercury contaminates water and soil, where it is difficult to recover or remediate.[21](#chem201704840-bib-0021){ref-type="ref"} These tailings may contain between 50 and 5000 mg mercury per kg ore, resulting in a substantial loss of mercury.[6a](#chem201704840-bib-0006a){ref-type="ref"}, [23](#chem201704840-bib-0023){ref-type="ref"} This lost mercury may also contain up to 14 % gold by mass, so significant amounts of gold are lost in tailings too.[22b](#chem201704840-bib-0022b){ref-type="ref"} These tailings are sometimes sold for further processing in large tanks using cyanide leaching.[23](#chem201704840-bib-0023){ref-type="ref"} The cyanide complexes and dissolves the residual gold. The gold is then recovered by the addition of activated carbon, which is, in turn, isolated and burned (often in open drums).[23](#chem201704840-bib-0023){ref-type="ref"} As much as 20 g of gold can be isolated for every tonne of tailings.[23](#chem201704840-bib-0023){ref-type="ref"} Because mercury is also solubilized through cyanide leaching, release of this water into the environment---either through direct release or by way of drainage from unsecured tailing ponds---is a significant source of mercury pollution.[20d](#chem201704840-bib-0020d){ref-type="ref"}, [21](#chem201704840-bib-0021){ref-type="ref"}, [23](#chem201704840-bib-0023){ref-type="ref"} The release of mercury from tailings into soil and water is a serious hazard to human health because it can compromise food safety[24](#chem201704840-bib-0024){ref-type="ref"} and contaminate drinking water.[25](#chem201704840-bib-0025){ref-type="ref"} Mercury contaminated water used for irrigation also leads to contaminated food crops, such as rice.[26](#chem201704840-bib-0026){ref-type="ref"}

![A) When mercury is pulverized in mills, it can form tiny beads that bind to soil. A simulated sample of mercury flour (top right) is shown in which the mercury does not coalesce and it is not visible to the naked eye. The soil containing the floured mercury appears very similar in appearance to mercury‐free soil (top left). B) The floured mercury is observable in the SEM image as microbeads bound to soil. C) A polymer made from sulfur and recycled cooking oil is effective at removing floured mercury from the soil sample. The procedure requires mixing the polymer and soil directly. The polymer changes colour to black as metacinnabar is formed. The polymer‐bound mercury can be isolated by sieving. Neither the polymer nor the polymer bound to mercury are toxic to cells. Images were adapted under a Creative Commons (CC) license.[45](#chem201704840-bib-0045){ref-type="ref"}](CHEM-24-6905-g005){#chem201704840-fig-0003}

Heating mercury--gold amalgams to vaporize mercury is another major source of mercury emissions in ASGM. Mercury gas is harmful to the lungs, kidneys, liver and nervous system,[13](#chem201704840-bib-0013){ref-type="ref"} so these emissions are especially dangerous. Where miners evaporate mercury from mercury--gold amalgams directly, this is frequently done without proper ventilation or a retort (e.g., Figure [2](#chem201704840-fig-0002){ref-type="fig"} E).[6b](#chem201704840-bib-0006b){ref-type="ref"}, [9](#chem201704840-bib-0009){ref-type="ref"}, [10b](#chem201704840-bib-0010b){ref-type="ref"}, [19a](#chem201704840-bib-0019a){ref-type="ref"} The amalgam may even be roasted over stoves in residential kitchens.[16c](#chem201704840-bib-0016c){ref-type="ref"} With kilograms of amalgam processed by miners daily, and each amalgam containing 40--80 % mercury by mass, the exposure to mercury is extremely high.[10b](#chem201704840-bib-0010b){ref-type="ref"}, [19a](#chem201704840-bib-0019a){ref-type="ref"}, [20d](#chem201704840-bib-0020d){ref-type="ref"} Gold shops and other amalgam smelting centers are also sources of substantial mercury pollution.[10b](#chem201704840-bib-0010b){ref-type="ref"}, [19a](#chem201704840-bib-0019a){ref-type="ref"} Poor ventilation and inadequate extractor or fume‐hood equipment puts the shop owners and operators at risk for mercury exposure.[10b](#chem201704840-bib-0010b){ref-type="ref"} These facilities are also commonly deficient in appropriate scrubber technology, emitting mercury vapor into the public. Because gold shops are typically located in villages, cities and areas of high population density, public exposure to mercury gas is a serious concern.[10b](#chem201704840-bib-0010b){ref-type="ref"} Even with shops equipped with retorts and filters, atmospheric levels of mercury within 10 m of the entrance can be as high as 10--20 ppb and levels exceeding 100 ppb are common in the processing rooms, with both levels far beyond the 1 ppb level considered hazardous to human health by the World Health Organization (WHO).[10b](#chem201704840-bib-0010b){ref-type="ref"} When no retorts or air filtration are used, extreme mercury concentrations are inevitable in amalgam roasting because virtually all of the mercury in a kilogram of amalgam is evaporated in less than one hour. Alarmingly, there are reports of mercury gas emissions from gold shops and amalgam processing stations operating in immediate proximity to residential areas,[8b](#chem201704840-bib-0008b){ref-type="ref"}, [10b](#chem201704840-bib-0010b){ref-type="ref"}, [19a](#chem201704840-bib-0019a){ref-type="ref"} markets,[10b](#chem201704840-bib-0010b){ref-type="ref"} health centers,[8b](#chem201704840-bib-0008b){ref-type="ref"} schools,[10b](#chem201704840-bib-0010b){ref-type="ref"} public gathering areas,[10b](#chem201704840-bib-0010b){ref-type="ref"} playing children[19a](#chem201704840-bib-0019a){ref-type="ref"} and breastfeeding mothers.[10b](#chem201704840-bib-0010b){ref-type="ref"}

Health and Ecological Impacts {#chem201704840-sec-0004}
=============================

Human health {#chem201704840-sec-0005}
------------

Mercury poisoning is a tremendous burden to human health, especially in ASGM communities.[6c](#chem201704840-bib-0006c){ref-type="ref"} Mercury gas, such as that encountered in ASGM amalgam processing, is readily absorbed in the lungs and then further transported to other organs.[13](#chem201704840-bib-0013){ref-type="ref"} Elemental mercury is able to cross membranes including the blood--brain barrier and the blood‐placenta barrier, posing a threat to neurological function and fetal development, respectively.[13](#chem201704840-bib-0013){ref-type="ref"}, [15](#chem201704840-bib-0015){ref-type="ref"} Acute mercury exposure (for instance to mercury vapor produced from heating mercury--gold amalgam) can lead to tremors, memory loss, respiratory distress and even death.[13](#chem201704840-bib-0013){ref-type="ref"}, [26](#chem201704840-bib-0026){ref-type="ref"}, [27](#chem201704840-bib-0027){ref-type="ref"} Chronic exposure to mercury gas may lead to renal failure, tremors, movement disorders, and various psychosis and memory impairment.[13](#chem201704840-bib-0013){ref-type="ref"} Inorganic mercury, formed through oxidation of mercury metal lost during ASGM may contaminate water and also lead to kidney damage if consumed.[13](#chem201704840-bib-0013){ref-type="ref"}, [15](#chem201704840-bib-0015){ref-type="ref"} Conversion of mercury pollution from ASGM into methyl mercury also poses a tremendous risk as this highly toxic form of mercury accumulates in food supplies, such as fish, crustaceans and mollusks.[24a](#chem201704840-bib-0024a){ref-type="ref"} Consumption of methyl mercury is particularly harmful to the central nervous system, causing nerve and brain damage.[15](#chem201704840-bib-0015){ref-type="ref"} Kidneys are also affected and methylmercury presents an extreme risk to fetal development.[15](#chem201704840-bib-0015){ref-type="ref"}

There are many documented cases of miners in ASGM suffering the effects of prolonged exposure to mercury.[12](#chem201704840-bib-0012){ref-type="ref"} In addition to the symptoms of mercury intoxication noted above, these individuals suffered from frequent and severe headaches, dizziness, vision and motor disorders, among other health issues.[12](#chem201704840-bib-0012){ref-type="ref"} Video recorded and published clinical interviews with miners poisoned by mercury show these devastating effects, especially with respect to tremors and movement disorders.[26](#chem201704840-bib-0026){ref-type="ref"}

Another troubling consequence of mercury pollution from ASGM is the effects on embryos, fetuses, and children. Mercury levels in women of child‐bearing age near ASGM activities are often high due to consumption of mercury‐contaminated water, seafood or rice; direct handling of mercury in mining or other gold‐related processing; or through exposure to mercury gas during amalgam processing.[7](#chem201704840-bib-0007){ref-type="ref"}, [8b](#chem201704840-bib-0008b){ref-type="ref"}, [17b](#chem201704840-bib-0017b){ref-type="ref"} Because maternal transfer of mercury to the fetus is efficient for elemental and methylmercury,[13](#chem201704840-bib-0013){ref-type="ref"}, [14](#chem201704840-bib-0014){ref-type="ref"}, [15](#chem201704840-bib-0015){ref-type="ref"} it is perhaps not surprising that children in ASGM communities have high incidence of physical and mental disabilities.[3c](#chem201704840-bib-0003c){ref-type="ref"}, [14b](#chem201704840-bib-0014b){ref-type="ref"},[14c](#chem201704840-bib-0014c){ref-type="ref"} News reports on the debilitating effects of mercury poisoning in children of artisanal gold mines (including limb deformities, brain damage, and hydrocephalus) bring this problem into confronting focus.[8b](#chem201704840-bib-0008b){ref-type="ref"}, [16c](#chem201704840-bib-0016c){ref-type="ref"}, [17b](#chem201704840-bib-0017b){ref-type="ref"}

With recent estimates indicating there are as many as 19 million artisanal gold miners,[4](#chem201704840-bib-0004){ref-type="ref"}, [6c](#chem201704840-bib-0006c){ref-type="ref"} mercury use and emissions in ASGM is clearly a global health problem.[6c](#chem201704840-bib-0006c){ref-type="ref"}

Wildlife and plant health {#chem201704840-sec-0006}
-------------------------

While the human cost of mercury poisoning in ASGM is the most important and immediate concern, mercury pollution also damages the wider ecosystem---compromising food chains and biodiversity. For example, mercury emissions can adversely affect algal growth; crustacean health; fish growth, brain function, and reproduction; and amphibian larval health and survival.[28](#chem201704840-bib-0028){ref-type="ref"} It is also known that mercury bio‐accumulates in fish, which then poses a threat to any bird or mammal that consumes it (including humans).[28](#chem201704840-bib-0028){ref-type="ref"}, [29](#chem201704840-bib-0029){ref-type="ref"} Harm to these avian and mammalian predators is relevant to ASGM as many of the mining sites are located in highly diverse regions such as the Amazon rainforest (Figure [1](#chem201704840-fig-0001){ref-type="fig"}). It is also common for the people living near these ASGM areas to eat fish as a major source of dietary protein, which leads to high mercury levels even in non‐miners.[16a](#chem201704840-bib-0016a){ref-type="ref"}, [24](#chem201704840-bib-0024){ref-type="ref"} In this way, mercury pollution threatens food security.

Aquatic plants are bioaccumulators of mercury and uptake of the heavy metal may, in some cases, compromise plant health. Inorganic mercury in water, for instance, can lead to decreased chlorophyll content and protease activity for floating water cabbage *Pistia stratiotes*.[29c](#chem201704840-bib-0029c){ref-type="ref"} Likewise, the pond weed *Elodea densa* presented with abnormal mitotic activity upon exposure to methylmercury.[29c](#chem201704840-bib-0029c){ref-type="ref"} For terrestrial plants, the uptake and effects of mercury seems to be plant specific and highly dependent on the mercury concentration.[30](#chem201704840-bib-0030){ref-type="ref"} In fact, mercury‐derived fungicides have long been used to protect wheat seed and sugarcane setts,[30](#chem201704840-bib-0030){ref-type="ref"} so the effects of mercury on plant health are not universally detrimental. This may be due to low bioavailability of mercury in soil and a tendency for the mercury to accumulate in roots.[30](#chem201704840-bib-0030){ref-type="ref"} However, mercury vapor uptake through the leaves of both C3 and C4 plants is possible and therefore relevant to ASGM regions.[30](#chem201704840-bib-0030){ref-type="ref"}

For regions of ASGM, an understanding of mercury uptake in plants is important for protecting food crops from contamination, and also for using plants intentionally to remove mercury from soil.[30](#chem201704840-bib-0030){ref-type="ref"} Regarding crop contamination, mercury uptake in rice in ASGM communities has been documented.[26](#chem201704840-bib-0026){ref-type="ref"} In these cases rice paddies were irrigated with mercury contaminated water, resulting in mercury levels as high as 1.2 ppm in the edible grain---more than 10 times the limits recommended by the WHO.[26](#chem201704840-bib-0026){ref-type="ref"} While mercury uptake into crops is clearly undesirable, mercury uptake into non‐edible plants may be a useful way to remediate mercury pollution in water and soil due to ASGM. In one example, it was shown that Siam weed (*Chromolaena odorata*) could grow in nutrient‐supplemented ASGM tailings and accumulate mercury in its leaves without phytotoxicity.[31](#chem201704840-bib-0031){ref-type="ref"} In another recent study at a Columbian gold mine, native plant species growing at mercury contaminated sites were also promising leads for removing and accumulating mercury from soil.[32](#chem201704840-bib-0032){ref-type="ref"} In these and other strategies in phytoremediation of ASGM areas,[33](#chem201704840-bib-0033){ref-type="ref"} careful planning for the fate of the biomass is required so that the heavy metal is ultimately removed from the environment and not simply re‐emitted by means of combustion, for example.[34](#chem201704840-bib-0034){ref-type="ref"}

Another adverse impact on the environment due to ASGM is deforestation.[35](#chem201704840-bib-0035){ref-type="ref"} In Peru,[17a](#chem201704840-bib-0017a){ref-type="ref"} for example, it was shown that from 2006 to 2009 alone approximately 20 km^2^ of Amazon forest was cleared each year for ASGM.[35](#chem201704840-bib-0035){ref-type="ref"} Because this deforestation and mining is unregulated and strongly correlated with rising gold prices, it is unfortunately likely to continue to damage one of the most biodiverse ecosystems in the world.[35](#chem201704840-bib-0035){ref-type="ref"}

Challenges and Opportunities for Chemists {#chem201704840-sec-0007}
=========================================

The problem of mercury use and emissions in ASGM is profound. It is also a problem that has existed for many decades and therefore one which has resisted many well‐intentioned interventions by governments, environmental advocates and humanitarian service organizations.[9](#chem201704840-bib-0009){ref-type="ref"}, [36](#chem201704840-bib-0036){ref-type="ref"} Stemming mercury pollution in ASGM is not as simple as legally restricting or banning the use of mercury, as such measures have already been implemented in areas with the highest levels of mercury use, with little success.[3c](#chem201704840-bib-0003c){ref-type="ref"}, [36](#chem201704840-bib-0036){ref-type="ref"}, [37](#chem201704840-bib-0037){ref-type="ref"} Banning mercury use may also hinder engagement and education of miners working outside the law, so in these cases mercury use continues unabated.[36](#chem201704840-bib-0036){ref-type="ref"} Poor and ineffective enforcement of legislated mercury controls, lack of direct engagement and support of artisanal miners, the high market value of gold, and a strong black market for mercury trade all but ensure that mercury use in ASGM is likely to continue for years.[36](#chem201704840-bib-0036){ref-type="ref"}, [37](#chem201704840-bib-0037){ref-type="ref"}, [38](#chem201704840-bib-0038){ref-type="ref"} In taking measures to address the mercury problem in ASGM, one must keep in mind that these miners live in some of the poorest areas of the world and have few, if any, options for other employment and income.[4](#chem201704840-bib-0004){ref-type="ref"} Mining for gold is their livelihood and a means to support their family. This consideration is important because while there are an estimated 10--19 million ASGM workers at any time, 80--100 million people are thought to be directly dependent on the associated income.[9](#chem201704840-bib-0009){ref-type="ref"} Policies, technologies and service work aimed at lowering the burden of mercury emissions on health and the environment should therefore consider how such measures support the miners.[9](#chem201704840-bib-0009){ref-type="ref"}, [36](#chem201704840-bib-0036){ref-type="ref"}, [37](#chem201704840-bib-0037){ref-type="ref"}, [38](#chem201704840-bib-0038){ref-type="ref"}

The chemistry community can provide important technological advances that may help overcome some aspects of the mercury problem in ASGM. Some specific opportunities and challenges are discussed next to help encourage contributions from the chemistry research community, with an aim to spur eventual collaboration with environmental scientists, public health advocates and even field work with ASGM miners and their supporters. For each of these needs, it must be clear that any potential solution will be easier to implement if it is extremely low in cost, scalable, easy to transport to remote locations, operate with intermittent or no central power supply, require little or no training for operation, and provide immediate and obvious benefit to miners. Only then, will uptake of any technological solution be realistic.[9](#chem201704840-bib-0009){ref-type="ref"}

Low‐cost and portable mercury monitoring {#chem201704840-sec-0008}
----------------------------------------

The mercury emissions from ASGM pollute air, water and soil. In many cases, this pollution is a threat to food and water supplies.[12](#chem201704840-bib-0012){ref-type="ref"}, [22c](#chem201704840-bib-0022c){ref-type="ref"}, [24](#chem201704840-bib-0024){ref-type="ref"}, [25](#chem201704840-bib-0025){ref-type="ref"}, [26](#chem201704840-bib-0026){ref-type="ref"} It is therefore important to have real‐time, portable, and cost‐effective monitoring of mercury levels‐especially in air and water. While portable atomic absorption spectrometers and hand‐held X‐ray fluorescence instruments have been used to monitor mercury pollution at mining sites[39](#chem201704840-bib-0039){ref-type="ref"} (including ASGM locales),[10b](#chem201704840-bib-0010b){ref-type="ref"}, [40](#chem201704840-bib-0040){ref-type="ref"} these instruments typically cost thousands of dollars (USD). It would be useful for ASGM communities to have access to low‐cost, low‐maintenance sensors for rapid measurement of mercury levels in air and water.[41](#chem201704840-bib-0041){ref-type="ref"} Such technologies[42](#chem201704840-bib-0042){ref-type="ref"} could potentially help the miners, other users of contaminated waterways, and local authorities limit exposure to mercury, provided the sensors require minimal training and are portable or even disposable. As mercury can be interconverted between various oxidation states with various ligands that impact mobility and toxicity,[28a](#chem201704840-bib-0028a){ref-type="ref"} the ability to assess speciation is also important. Additionally, such technologies could be coordinated with information campaigns on the dangers of mercury exposure.

Low‐cost point of care diagnostics for mercury exposure {#chem201704840-sec-0009}
-------------------------------------------------------

Like mercury analysis in the environment, clinical analysis of mercury exposure typically relies on atomic absorption spectrometers.[26](#chem201704840-bib-0026){ref-type="ref"} To administer care and medical advice to miners in remote locations, portable and disposable mercury diagnostics might be valuable. In developing such technologies, chemists might consider ways in which breath, saliva, hair or urine might be analyzed in a rapid and cost‐effective fashion.[12](#chem201704840-bib-0012){ref-type="ref"} These technologies could also be used by the miners to help self‐monitor exposure to mercury.

New strategies for tailings processing {#chem201704840-sec-0010}
--------------------------------------

The mercury‐laden tailings in ASGM are one of the more challenging problems for remediation.[21](#chem201704840-bib-0021){ref-type="ref"} After milling mercury with ore, microbeads of mercury are dispersed in the fine sand and water and can be carried far from the mine when discharged in water courses.[22](#chem201704840-bib-0022){ref-type="ref"} Many thousands of tonnes of tailings are generated each year in ASGM and removing mercury and recovering residual gold are critical problems in tailing processing. In some cases, the tailings are processed in large vats of aqueous sodium cyanide, which solubilizes gold[21](#chem201704840-bib-0021){ref-type="ref"} for eventual recovery on a sorbent or through precipitation with zinc.[23](#chem201704840-bib-0023){ref-type="ref"} Unfortunately, cyanide also complexes with mercury in the tailings, facilitating its transport into the environment through wastewater.[23](#chem201704840-bib-0023){ref-type="ref"} Mechanical separation of the mercury from the sand and soil in the tailings, for instance on a shaker table, may be useful in recovering mercury and preventing its release in the environment, but such strategies have limited uptake at present.[21](#chem201704840-bib-0021){ref-type="ref"} Simple and rapid chemical remediation of mercury in tailings (and the recovery of gold) is an outstanding problem in ASGM. Any potential solution must be able to process large volumes of tailings (tonnes), operate on a shorter timescale than cyanide leaching techniques, and facilitate gold recovery at a level that incentivizes uptake. Ideally, the technique should also be environmentally innocuous and only generate discharges that are recyclable or biodegradable.

Soil remediation {#chem201704840-sec-0011}
----------------

Like the tailings problem, remediating mercury‐contaminated soil is a large‐scale problem in ASGM areas. Keeping in mind the limited financial resources of ASGM communities and the governments in these jurisdictions, any strategy for soil remediation must require low‐capital outlay and simple protocols for remediation. Extensive excavation and capping, off‐site disposal, and washing or thermal treatment of soil (all measures taken in wealthy nations)[40](#chem201704840-bib-0040){ref-type="ref"}, [43](#chem201704840-bib-0043){ref-type="ref"} are likely impractical solutions for soil remediation in ASGM. Instead, there is a need for the development of soil amendments that can trap and immobilize diverse forms of mercury. These soil additives must be very inexpensive and scalable to have any chance of impact on contaminated areas spanning several square kilometers. These so‐called "in situ remediation" techniques[43](#chem201704840-bib-0043){ref-type="ref"}, [44](#chem201704840-bib-0044){ref-type="ref"} must also sequester the mercury in a way that prevents not only leaching into ground water, but also methylation by bacteria and subsequent bioaccumulation. In an effort to address this need, a recent study by our laboratory introduced a mercury sorbent made from recycled cooking oils and sulfur that immobilized floured mercury metal in soil (Figure [3](#chem201704840-fig-0003){ref-type="fig"}).[45](#chem201704840-bib-0045){ref-type="ref"} The material, prepared by inverse vulcanization[45](#chem201704840-bib-0045){ref-type="ref"}, [46](#chem201704840-bib-0046){ref-type="ref"} of extremely low‐cost feedstocks,[45](#chem201704840-bib-0045){ref-type="ref"}, [46c](#chem201704840-bib-0046c){ref-type="ref"} can be milled with mercury‐contaminated soil to convert the metal to the non‐toxic and highly insoluble metacinnabar (Figure [3](#chem201704840-fig-0003){ref-type="fig"}).[45](#chem201704840-bib-0045){ref-type="ref"} Notably, the polymer changes from brown to black as it reacts with the mercury. This is useful because the mercury flour is typically not distinguishable from most soil (Figure [3](#chem201704840-fig-0003){ref-type="fig"}). While additional field tests are required to ascertain whether the scale and efficiency of this mercury immobilization method can have on ASGM, it is notable that this study explicitly considers cost, scale and ease of operation required for use in ASGM.

Another potential strategy in remediation and reclamation of mercury‐contaminated soil in ASGM areas is through phytoremediation.[31](#chem201704840-bib-0031){ref-type="ref"}, [32](#chem201704840-bib-0032){ref-type="ref"}, [33](#chem201704840-bib-0033){ref-type="ref"}, [34](#chem201704840-bib-0034){ref-type="ref"} In this technique, plants are used to extract mercury from soil. Improving the efficiency of mercury uptake in the plant and a plan for the fate of mercury‐contaminated biomass are still major (biochemistry and chemistry) issues to be resolved for impact in ASGM. Nevertheless, this strategy is promising in that it is relatively low‐tech and low‐cost in its deployment and may therefore be an important measure to take in remediating mercury‐contaminated soil at ASGM sites.

Water remediation {#chem201704840-sec-0012}
-----------------

Several aspects of water remediation are important to areas of ASGM. Tailings are often released into rivers and streams that are sources of water for drinking and irrigation.[21](#chem201704840-bib-0021){ref-type="ref"} Removal of mercury from this water may therefore help prevent direct consumption of mercury and prevent uptake in crops and aquatic life. For cases in which tailing ponds are employed, mercury removal or immobilization could be important for preventing release into the wider environment.[47](#chem201704840-bib-0047){ref-type="ref"} For example, the simple addition of calcium hydroxide to ASGM tailing ponds has been shown in field trials to facilitate removal of suspended particles in the water and prevent the methylation of mercury.[48](#chem201704840-bib-0048){ref-type="ref"}

For water used for drinking and irrigation, it may be necessary to develop sorbents that can trap mercury of various forms rapidly and irreversibly. In preparing such sorbents or filtration media, it is critical that the sorbent be effective at trapping inorganic mercury, inorganic mercury bound to organic matter, mercury bound to cyanide, mercury metal and alkylmercury compounds. While inexpensive sorbents for mercury removal from water and soil have been reported,[49](#chem201704840-bib-0049){ref-type="ref"} these reports typically assess the removal of mercury(II) chloride from water. These model systems rarely reflect the complex matrices encountered in the field.[50](#chem201704840-bib-0050){ref-type="ref"} It is also known that sorbents effective at removing mercury(II) chloride from water, may fail at sequestering mercury complexed to humic matter.[45](#chem201704840-bib-0045){ref-type="ref"} It is therefore important that any new sorbents proposed for use in ASGM clearly demonstrate the capability of binding mercury complexed to organic matter. Furthermore, the sorbent should be inexpensive, capture diverse forms of mercury (inorganic, organic, liquid and gas) and be easily monitored for maintenance and replacement.

In recent developments on mercury sorbent technology, low‐cost polymers prepared from elemental sulfur are promising.[45](#chem201704840-bib-0045){ref-type="ref"}, [46c](#chem201704840-bib-0046c){ref-type="ref"}, [51](#chem201704840-bib-0051){ref-type="ref"} Because sulfur is produced as a byproduct of the petroleum industry in many millions of tonnes each year, the potential for economical and large‐scale sorbent synthesis is encouraging.[46c](#chem201704840-bib-0046c){ref-type="ref"} Importantly, sulfur‐based sorbents have been reported that are rapid,[51b](#chem201704840-bib-0051b){ref-type="ref"}--[51d](#chem201704840-bib-0051d){ref-type="ref"},[51f](#chem201704840-bib-0051f){ref-type="ref"} and effective against inorganic, organic, and metallic mercury compounds.[45](#chem201704840-bib-0045){ref-type="ref"} In some cases, trapping mercury produces a color change that may be useful in monitoring the lifetime of water filters and other water purification devices.[45](#chem201704840-bib-0045){ref-type="ref"}, [51a](#chem201704840-bib-0051a){ref-type="ref"} These promising developments aside, there is still an urgent need to adapt these and other technologies to the ASGM mercury problem. Any mercury sorbent for this purpose must be very inexpensive, scalable to kilogram or tonne quantities, portable, easy to use and maintain, and require little or no training for use. Additionally, the rate of mercury sorption should be high and insensitive to other metals and debris found in the polluted water. The high rate of mercury uptake by a sorbent is important for continuous filtration. In the case of remediation of tailing ponds, a method to recover gold will also be useful as it could incentivize deployment of the sorbent and perhaps finance the remediation.

Air‐quality control {#chem201704840-sec-0013}
-------------------

In ASGM, there are typically few, if any, measures taken to prevent mercury exposure. The mercury metal and amalgams are handled directly by hand, and heating the amalgam is often done without retorts and proper ventilation. Low‐cost personal protective equipment might be useful for miners to prevent mercury exposure. For instance, inexpensive mercury sorbents could be used to prepare disposable masks that limit the inhalation of mercury vapor during amalgam processing. Likewise, affordable and self‐indicating air filters might improve the air quality in and around gold shops that process amalgam.[10b](#chem201704840-bib-0010b){ref-type="ref"} In these cases, rapid capture of mercury vapor is essential. The effectiveness of activated carbon[52](#chem201704840-bib-0052){ref-type="ref"} and inexpensive sulfur‐based sorbents[45](#chem201704840-bib-0045){ref-type="ref"}, [51c](#chem201704840-bib-0051c){ref-type="ref"},[51f](#chem201704840-bib-0051f){ref-type="ref"} may be useful in meeting this challenge. As noted previously, any new technology for ASGM must provide an immediate and obvious benefit to the miners for uptake to be realistic.[9](#chem201704840-bib-0009){ref-type="ref"} In the case of disposable masks, this benefit might be the prevention of severe headaches and respiratory distress from acute exposure to mercury vapor: a common issue in ASGM during amalgam processing.[13](#chem201704840-bib-0013){ref-type="ref"}, [19a](#chem201704840-bib-0019a){ref-type="ref"}

Preventing mercury uptake in livestock, fowl and food crops {#chem201704840-sec-0014}
-----------------------------------------------------------

In addition to accumulation in seafood, mercury pollution can accumulate in food crops, livestock and poultry.[24a](#chem201704840-bib-0024a){ref-type="ref"}, [26](#chem201704840-bib-0026){ref-type="ref"}, [53](#chem201704840-bib-0053){ref-type="ref"} Mercury pollution from ASGM is suspected to threaten these food supplies through contamination of groundwater, rivers and lakes used for irrigation and drinking.[25a](#chem201704840-bib-0025a){ref-type="ref"}, [26](#chem201704840-bib-0026){ref-type="ref"} Thus, there is an opportunity for chemists to introduce soil amendments, sorbents and filters that purify water or otherwise prevent mercury uptake into plants and animals. Such technology would likely require assessment of its effects on plant and animal health. In the case of soil additives or other amendments, the long‐term environmental fate is also an important consideration. Ideally, any measure taken to address this challenge would be deployed in a way that also improves crop yields and health of livestock.

Mercury recycling in gold mining {#chem201704840-sec-0015}
--------------------------------

A retort can be used to recover mercury during amalgam processing.[9](#chem201704840-bib-0009){ref-type="ref"}, [19a](#chem201704840-bib-0019a){ref-type="ref"} The retort is a condenser apparatus that cools mercury vapor produced when the amalgam heated in a sealed crucible or container, returning the metal to its liquid form for reuse.[9](#chem201704840-bib-0009){ref-type="ref"}, [19a](#chem201704840-bib-0019a){ref-type="ref"} When they are used properly, retorts reduce mercury gas emissions, with some designs enabling more than 90 % of mercury recovery.[9](#chem201704840-bib-0009){ref-type="ref"}, [20b](#chem201704840-bib-0020b){ref-type="ref"},[20c](#chem201704840-bib-0020c){ref-type="ref"}, [54](#chem201704840-bib-0054){ref-type="ref"} In addition to the health benefits of inhaling less mercury vapor, the miners benefit financially because the mercury can be reused and does not need to be purchased again. Using a retort or other mercury recovery method should be encouraged over the alternative of open‐air amalgam heating. In cases where the amalgam is heated with a torch or over an open flame without a retort, virtually all of the mercury is lost to the atmosphere.[9](#chem201704840-bib-0009){ref-type="ref"} This open‐air processing accounts for hundreds of tons of mercury emissions each year,[10a](#chem201704840-bib-0010a){ref-type="ref"} so even seemingly simple measures like the use of a retort may have a positive impact on miner health and the environment.

Unfortunately, even the introduction and uptake of a retort in ASGM can be fraught with challenges. Training in the use and necessity of retorts (including education on the hazards of mercury gas) are essential.[9](#chem201704840-bib-0009){ref-type="ref"}, [36](#chem201704840-bib-0036){ref-type="ref"} Even then, miners often hesitate to use a system in which the amalgam (and therefore gold) are not visible through the entire roasting process, because they fear gold is lost in the opaque metal of common retorts.[36](#chem201704840-bib-0036){ref-type="ref"} Attempting to overcome this distrust, glass retorts have been introduced, but they tend to break.[36](#chem201704840-bib-0036){ref-type="ref"} Cost is also an issue with unsuccessful campaigns to promote retort uptake failing because the equipment costs hundreds of dollars (USD).[36](#chem201704840-bib-0036){ref-type="ref"} Scalability is also important and retorts should accommodate the several kilograms of amalgam that may be processed per day by miners.[19a](#chem201704840-bib-0019a){ref-type="ref"} The speed of gold recovery is also important in some locations, as theft of gold during the amalgam decomposition has been reported.[9](#chem201704840-bib-0009){ref-type="ref"} In a very practical approach, Veiga and associates have worked with artisanal gold miners to train them in the fabrication and use of retorts that can be prepared from simple kitchen supplies or plumbing equipment, costing only a few US dollars per retort.[20b](#chem201704840-bib-0020b){ref-type="ref"},[20c](#chem201704840-bib-0020c){ref-type="ref"}, [54](#chem201704840-bib-0054){ref-type="ref"} These efforts have led to a measurable reduction in mercury emissions.

Mercury recovery at any stage in the gold mining process is an important capability to protect the environment and health of the miners. This may be a new and simple retort design, extractive technologies or chemistry to separate gold and mercury in the amalgam in a relatively safe way that does not generate mercury vapor, or cost‐effective and simple ways to re‐activate recovered mercury that may contain oxides that hinder its effectiveness in amalgamation.[9](#chem201704840-bib-0009){ref-type="ref"}, [20b](#chem201704840-bib-0020b){ref-type="ref"} Recovery of mercury from tailings is also a critical issue in stemming mercury emissions from ASGM.[21](#chem201704840-bib-0021){ref-type="ref"} Gravity separation, sluicing, and shaking tables are promising options,[21](#chem201704840-bib-0021){ref-type="ref"} but there remains an urgent need to recover the vast amounts of mercury lost in the fine sand and slurries of the tailings.

Mercury‐free gold mining {#chem201704840-sec-0016}
------------------------

The most important way to address the mercury problem in ASGM is to introduce mercury‐free mining techniques. This may be an obvious goal, but there are a number of criteria that must be met for a mercury‐free technique to be adopted in ASGM. The mercury‐free method must be superior in the rate and yield of gold recovery in comparison to mercury amalgamation; the technique should be affordable and not require a large capital outlay or complex equipment; the mercury‐free method should be easy to learn and not require extensive technical support; and any chemistry used in the extraction of gold should be inexpensive, relatively safe, and generate innocuous and biodegradable waste where possible. It is also extremely important that the miners see an obvious opportunity for financial gain, if any clean mining technique is to be adopted.[9](#chem201704840-bib-0009){ref-type="ref"}

Mercury‐free gold mining is possible. After all, mercury is not used in formalized and regulated gold mining, which instead employs sophisticated ore processing equipment, flotation techniques, and cyanide leaching to recover gold.[9](#chem201704840-bib-0009){ref-type="ref"} The capital requirements, maintenance and technical skills required for such operations makes it difficult to adopt or adapt these techniques for ASGM.[9](#chem201704840-bib-0009){ref-type="ref"} Where techniques such as cyanide leaching are used in ASGM, training is critical for the safe and secure use of hundreds of kilograms of sodium or potassium cyanide and the management and discharge of tailings can be a risk to the miners and the environment.[9](#chem201704840-bib-0009){ref-type="ref"}, [55](#chem201704840-bib-0055){ref-type="ref"} Nevertheless, while cyanide is highly toxic, it does not persist and accumulate in the environment to the same degree as mercury. Cyanide is also faster and more effective at extracting gold than mercury amalgamation, as demonstrated on ore samples from several ASGM regions.[23](#chem201704840-bib-0023){ref-type="ref"} Alternative, non‐toxic lixiviants that are as high‐yielding and selective as cyanide in gold extraction would be beneficial to the ASGM sector.[55](#chem201704840-bib-0055){ref-type="ref"} While thiourea, thiocyanate, thiosulfate, chlorine, bromine and iodine have been explored as reagents to extract and solubilize gold in water, there has been relatively limited use of these lixiviants in current mining operations‐formal or artisanal.[11f](#chem201704840-bib-0011f){ref-type="ref"}, [55](#chem201704840-bib-0055){ref-type="ref"}

Gravity techniques can be used to concentrate gold particles from crushed ore and sediment, but these techniques typically require relatively large gold grain size. Where possible, panning, sluicing and concentration using mechanized shaking tables and spiral concentrators can be used to concentrate gold without mercury.[56](#chem201704840-bib-0056){ref-type="ref"} These options, however, may not be suitable for all ASGM areas. For instance, the gold grain size in Indonesia is very fine, which makes classic gravity concentration equipment (such as shaking tables, jigs and sluice boxes) relatively inefficient.[9](#chem201704840-bib-0009){ref-type="ref"}, [19a](#chem201704840-bib-0019a){ref-type="ref"}, [23](#chem201704840-bib-0023){ref-type="ref"} In some areas of Southeast Africa, gravity concentrators have been demonstrated as a viable alternative to amalgamation.[57](#chem201704840-bib-0057){ref-type="ref"} In these cases an additional purification of gold concentrate is achieved by removing magnetite and hematite with a magnet.[57](#chem201704840-bib-0057){ref-type="ref"} While such methods may be unique to the regional mineralogy, this is a promising example of mercury‐free artisanal gold mining that can support the economy of developing communities.

Another recent study in mercury‐free gold extraction involved borax‐facilitated smelting.[22b](#chem201704840-bib-0022b){ref-type="ref"}, [58](#chem201704840-bib-0058){ref-type="ref"} In this technique, gold concentrates are first prepared by a gravitational separation such as sluicing and panning. Iron shavings can also be removed with a magnet. The gold concentrate is then mixed with an equal mass of borax, which is thought to lower the melting point of the mineral concentrate. Heating the mixture in a crucible provides molten gold, which settles to the bottom of the vessel and solidifies in relatively pure form upon cooling, whereas the borax complexes to silicate and oxide impurities. Trials of this method in ASGM regions of the Philippines, Indonesia, Tanzania, Bolivia and Zimbabwe are encouraging, but faster processing and improved yields are likely required to overcome the continued reliance on mercury.[22b](#chem201704840-bib-0022b){ref-type="ref"}, [59](#chem201704840-bib-0059){ref-type="ref"} The borax method is also inefficient with concentrates containing high levels of sulfides.[11f](#chem201704840-bib-0011f){ref-type="ref"}

There is a pressing need for chemists to develop mercury‐free technologies that simply and reliably extract gold from ore in a time‐ and cost‐effective manner. An additional (chemical) challenge is to design such methods so that any required equipment or reagents are widely available, easy to handle, and safe to use. In‐built mechanisms to recycle any key materials or strategies to ensure minimal impact on the environment are added challenges to which chemists can provide a solution. More generally, chemistry support for the ASGM community (Figure [4](#chem201704840-fig-0004){ref-type="fig"}) has the potential to improve the well‐being of millions of people.

![A summary of ways in which the chemistry community can support artisanal gold miners' health and livelihood. In proposing a solution to any one of these problems and challenges, it is essential that the technique, chemistry, and any equipment be low cost, require minimal capital outlay, operate in remote locations, and be easy to use. It is also important that the benefit to the miners be immediately obvious, so expediency in financial returns and health benefits are critical.](CHEM-24-6905-g006){#chem201704840-fig-0004}

Interdisciplinary action is necessary {#chem201704840-sec-0017}
-------------------------------------

This Minireview is directed to the attention of the chemistry community to promote awareness and action in helping solve the mercury problem in ASGM. We encourage researchers, funding agencies and journal editors in chemistry and allied fields to consider how they might marshal their resources and expertise to address this global problem. With that said, we emphasize that interdisciplinary collaboration is required for any solution to be effectively implemented. This includes taking into account the extensive efforts of environmental scientists, geologists, and public health and environmental advocates in assessing the scope and severity of the mercury problem in ASGM.[1](#chem201704840-bib-0001){ref-type="ref"}, [6c](#chem201704840-bib-0006c){ref-type="ref"}, [14b](#chem201704840-bib-0014b){ref-type="ref"},[14c](#chem201704840-bib-0014c){ref-type="ref"}, [18](#chem201704840-bib-0018){ref-type="ref"} It also means working with the formalized mining sector to help adapt mercury‐free technology and resource management strategies for use in ASGM.[9](#chem201704840-bib-0009){ref-type="ref"} Chemists may also be in a position to inform or shape policy decisions regarding the regulation of ASGM practices, remediation strategies, and gold and mercury trade.[3b](#chem201704840-bib-0003b){ref-type="ref"}, [36](#chem201704840-bib-0036){ref-type="ref"}, [37](#chem201704840-bib-0037){ref-type="ref"}, [38](#chem201704840-bib-0038){ref-type="ref"}, [60](#chem201704840-bib-0060){ref-type="ref"} Additionally, the challenges in implementing and enforcing the mandates of the Minamata Convention are manifold and require careful consideration of labor dynamics,[3a](#chem201704840-bib-0003a){ref-type="ref"} land and resource rights,[61](#chem201704840-bib-0061){ref-type="ref"} the relationship between formal and informal mining sectors,[11e](#chem201704840-bib-0011e){ref-type="ref"}, [61](#chem201704840-bib-0061){ref-type="ref"}, [62](#chem201704840-bib-0062){ref-type="ref"} and engagement strategies that support rather than alienate miners that rely on gold mining as their only source of income.[3a](#chem201704840-bib-0003a){ref-type="ref"},[3b](#chem201704840-bib-0003b){ref-type="ref"}, [20e](#chem201704840-bib-0020e){ref-type="ref"} Ethical dilemmas also arise when restricting or banning mercury without supporting alternative mining methods or establishing other employment opportunities for miners.[3b](#chem201704840-bib-0003b){ref-type="ref"} Additionally, cumbersome licensing measures for ASGM and severe restriction of mercury has largely resulted in non‐compliance with the regulations and growing black markets for mercury trade.[3a](#chem201704840-bib-0003a){ref-type="ref"}, [20e](#chem201704840-bib-0020e){ref-type="ref"}, [61a](#chem201704840-bib-0061a){ref-type="ref"}, [62b](#chem201704840-bib-0062b){ref-type="ref"} With regards to technical solutions, the most important consideration is that the resources available in ASGM are severely limited. Therefore, any novel technical solution to the problems outlined in this Minireview must therefore be low‐cost, easy to use, and provide immediate and obvious benefit to the miners.[9](#chem201704840-bib-0009){ref-type="ref"} Likewise, direct fieldwork with miners and their advocates is important so that training and long‐term uptake of new and clean technologies is driven from the ground up.[9](#chem201704840-bib-0009){ref-type="ref"}, [36](#chem201704840-bib-0036){ref-type="ref"} We encourage the chemistry community to contribute to this endeavour.
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